Abnormal stiffening and narrowing of arteries are characteristic features of spontaneously hypertensive rats (SHR). In this strain, we have previously demonstrated an increased elastin content and abnormal organization of lamellae in conduit and resistance arteries from neonatal rats that preceded the impending inward remodelling, increased vascular stiffness and development of hypertension. The aim of this study was to assess the mechanism responsible for such excessive and aberrant elastin deposition in SHR vessels during perinatal development. We compared elastin, collagen and fibronectin production (inmunocytochemistry and quantitative assay of metabolically labelled insoluble elastin), DNA content as well as cell proliferation (proliferative cellular nuclear antigen, bromodeoxyuridine incorporation) and death rates (propidium iodide exclusion test, terminal transferase nick and labeling (TUNEL) assay) in cultures of vascular smooth muscle cells (VSMC) derived from neonatal SHR and Wistar-Kyoto (WKY) control rats. Cultures of VSMC derived from neonatal SHR exhibited hypertrophy, produced more elastin, collagen and fibronectin and contained more DNA than equally plated WKY counterparts. Further analysis revealed that the higher net DNA content in SHR-derived cultures was due to increased diploidy, but not to a heightened cell multiplication. The SHRderived VSMC also exhibited lower rates of cell death and apoptosis, which were associated with increased levels of the anti-apoptotic protein, survivin. We therefore conclude that the peculiar heightened survival of matrix-producing VSMC in neonatal SHR is responsible for accumulation of hard-wearing elastin and other extracellular matrix elements in the growing arteries, thereby contributing to the subsequent development of systemic hypertension. Blood vessels are dynamic structures composed of cells and extracellular matrix (ECM). The mutual physical interactions and signalling cross-talk modulate vascular remodelling during normal development. During normal growth, arteries require constant remodelling that includes precise co-ordination of vascular cell proliferation and apoptosis, as well as the balance between ECM synthesis and degradation. Thus, any alteration in cellular and ECM turnover would result in structural abnormalities of vascular walls that would compromise their normal functions and eventually lead to pathology. Phenotypic switching of vascular smooth muscle cells (VSMC), altered cellular proliferation/growth and excessive ECM deposition have been consistently observed in animal models of hypertension and in human hypertension and other cardiovascular complications (Owens et al. 2004) . Despite numerous studies, it is not known whether structural alterations observed in advanced hypertension are triggered by the elevated wall stress imposed by physical forces or if they develop earlier, as a consequence of programmed cellular or ECM alterations that contribute to development of systemic arterial hypertension.
Blood vessels are dynamic structures composed of cells and extracellular matrix (ECM). The mutual physical interactions and signalling cross-talk modulate vascular remodelling during normal development. During normal growth, arteries require constant remodelling that includes precise co-ordination of vascular cell proliferation and apoptosis, as well as the balance between ECM synthesis and degradation. Thus, any alteration in cellular and ECM turnover would result in structural abnormalities of vascular walls that would compromise their normal functions and eventually lead to pathology. Phenotypic switching of vascular smooth muscle cells (VSMC), altered cellular proliferation/growth and excessive ECM deposition have been consistently observed in animal models of hypertension and in human hypertension and other cardiovascular complications (Owens et al. 2004) . Despite numerous studies, it is not known whether structural alterations observed in advanced hypertension are triggered by the elevated wall stress imposed by physical forces or if they develop earlier, as a consequence of programmed cellular or ECM alterations that contribute to development of systemic arterial hypertension.
Elastin, the major component of arterial ECM, is synthesized and secreted by VSMC. Once organized into fibres and lamellae, it plays a key role in vascular wall resilience and also participates in the maintenance of normal VSMC phenotype (Mochizuki et al. 2002) .
It is of particular importance that vascular elastic fibres and lamellae are synthesized only during late fetal development and in early childhood (Vrhovski & Weiss, 1998) . While genetic haploinsufficiency in elastin deposition leads to development of supravalvular aortic stenosis and Williams-Beuren syndrome, both of which are associated with compromised vascular performance and development of hypertension (Salaymeh & Banerjee, 2001; Faury et al. 2003; Cherniske et al. 2004) , it has also been postulated that excessive or abnormally deposited elastin on arterial walls could be linked to the development of essential hypertension (Brooke et al. 2003; D'Armiento, 2003;  for review see Arribas et al. 2006) . Results of our previous studies involving the spontaneously hypertensive rat (SHR) experimental model (relevant to human essential hypertension) strongly supported this hypothesis. We found that arteries of the SHR exhibit abnormal organization of the elastic fibres in the adventitial layer and in the internal elastic lamina (Cohuet et al. 2001; Briones et al. 2003) , and this defect can be detected in young SHR prior to development of hypertension (González et al. 2006) . Moreover, we have recently demonstrated that this excessive and aberrant accumulation of elastin in conduit vessels of neonatal SHR is directly linked to stiffening of the arterial walls (Arribas et al. 2008) .
We therefore hypothesized that heightened deposition of elastin by VSMC might reflect the lack of proper remodelling of elastic lamellae. In this study, we compared elastogenesis as well as proliferative and apoptotic rates of cultured VSMC derived from neonatal SHR and WistarKyoto (WKY) rats. The results obtained suggest a novel mechanism, in which primary aberrations of the cell cycle of SHR-derived VSMC result in their enhanced survival and in the consequent heightened net deposition of ECM components, including the hard-wearing elastin.
Methods

Animals
One-week-old SHR (n = 8) and WKY control male rats (n = 8), bred at Universidad Autónoma of Madrid (Spain), were used. Systolic and diastolic blood pressures (SBP, DBP) were measured in anaesthetized rats (sodium pentobarbitone, 50 mg kg −1 I.P.) through a pressure transducer probe inserted into the iliac artery (Statham, El Segundo, CA, USA) as previously described (González et al. 2006) . The rats were then killed by an overdose of sodium pentobarbitone and both common carotid arteries dissected. These procedures complied with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication no. 85-23, revised 1996) and the Spanish legislation (RD 1201 (RD /2005 and were approved by the ethical committee of Universidad Autónoma of Madrid.
Cell cultures
Vascular smooth muscle cells growing out of carotid artery explants taken from 1-week-old SHR and WKY rats were harvested by trypsinization (Hinek et al. 1991) and used up to passage three. In all experiments, VSMC were evenly plated (20 000 cells per dish) and cultured in Dulbeco's modified Eagle's medium with 10% fetal bovine serum (v/v), 100 units ml −1 penicillin and 100 mg ml
streptomycin and maintained at 37
• C in a humidified atmosphere consisting of 5% CO 2 and 95% air. Dishes in which VSMC were directly plated on 4 cm 2 glass coverslips were subsequently used for immunostaining.
Immunostaining
After 7 days in culture, VSMC were fixed in cold 100% methanol at −20
• C for 30 min and blocked with 1% normal goat serum for 1 h at room temperature.
The VSMC phenotype of cultured cells was confirmed by immunostaining with anti-vimentin (Sigma, St Louis, MO, USA) and anti-α-actin (Santa Cruz, Biotechnology, Inc., Santa Cruz, CA, USA).
Three parallel cultures were incubated for 1 h with 20 μg ml −1 of specific polyclonal antibody recognizing tropoelastin (Elastin Products, Owensville, MI, USA), 10 μg ml −1 polyclonal antibody to collagen type I (Chemicon, Billerica, MA, USA) or 10 μg ml −1 of monoclonal antibody to fibronectin (Chemicon, Temecula, CA). All cultures were then incubated for an additional hour with the appropriate fluoresceinconjugated goat anti-rabbit (GAR-FITC) or goat antimouse (GAM-FITC) secondary antibodies (Sigma). Nuclei were counterstained with propidium iodide as previously described (Hinek et al. 1991; Bunda et al. 2005) . For negative control cultures, the same procedure was followed but the primary antibody was omitted. All cultures were then mounted in elvanol (Invitrogen, Burlington, ON, Canada), and examined with a Nikon Eclipse E1000 microscope with a ×63 oil immersion objective. Images were obtained with a cooled CCD camera (QImaging, Retiga EX Surrey, BC, Canada). The morphometric analysis of extracellular matrix components was then performed in a minimum of five fields (4 mm 2 ) using Image-Pro Plus software from Media Cybernetics (Silver Springs, MD, USA) as previously described (Hinek & Wilson, 2000) .
Determination of VSMC size by confocal microscopy
To objectively determine the size of cultured VSMC displaying positive immunostaining with anti-α-actin antibody we also employed a confocal microscope (Leica TCS SP2, Vertrieb, Germany) using the 466/515 nm filter. The serial 'optical sections' of defined thickness (0.3 μm) were recorded from multiple cells present in a minimum of five fields (4 mm 2 ) of each culture with a ×63 oil immersion objective. Metamorph image analysis software (Universal Imaging Corporation, Marlow, Buckinghamshire, UK) was used for optical reconstruction of three-dimensional images of the single cells, allowing for subsequent quantification of their area, thickness and volume.
Insoluble elastin assay
In this series of experiments, VSMC derived from SHR and WKY rats were densely plated in 60 mm culture dishes (100 000 cells per dish) to ensure that they would reach confluence quickly. After 4 days in culture, aliquots of 20 μCi of [ 3 H]valine (Amersham Canada Ltd, Oakville, ON, USA) were added along with the fresh media. Cultures were then incubated for 3 days. The 7 day-old cultures (three cultures in each experimental group) were terminated, and the levels of metabolically labelled insoluble (cross-linked) elastin were determined by scintillation counting of radioactivity present in residues remaining after 45 min boiling of the cell layers in 0.1 N NaOH, as previously described (Hinek & Wilson, 2000; Bunda et al. 2005) . The results were first expressed as counts per minute per dish (c.p.m./dish) and then normalized to the DNA content, which was determined in the same culture extracts using the DNeasy Tissue System from Qiagen (Mississauga, ON, Canada).
Assessment of VSMC proliferation and death
Cell count and proliferation rates of cultured VSMC derived from carotid arteries of SHR and WKY rats were assessed in 7-day-old cultures that were evenly plated (20 000 cells per dish) at time zero. The cell count was performed with a Newbauer Counting Chamber (Hauser Scientific, Santa Fe, NM, USA) after trypsinization. Immunodetection of proliferative cellular nuclear antigen (PCNA) as well as 24 h of incorporation of bromodeoxyuridine (BrdU) were also assessed as previously described (Mochizuki et al. 2002; Bunda et al. 2005) . Anti-PCNA polyclonal antibody was from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA; and BrdU and anti-BrdU monoclonal antibody were from Amersham (Little Chalfont, UK). Species-specific secondary horseradish peroxidase-conjugated antibodies were from Dako (Glostrup, Denmark). Apoptosis was determined by terminal deoxynucleotidyl transferasemediated dUTP nick end-labelling (TUNEL; ApopTag, Chemicon, Temecula, CA, USA) and avidin-biotin peroxidase detection kit (Invitrogen, Burlington, ON, Canada). Haematoxylin was used to stain all cells. From each culture, a minimum of 10 (or 20 for TUNEL assay) randomly selected images were captured with a light microscope (Leica DM LB2) equipped with the CCD camera, using a ×40 objective. The number of positive and negative cells was quantified with Metamorph image analysis software.
Parallel 7-day-old VSMC cultures were also incubated with 5 μg ml −1 propidium iodide (PI) and with 5 μg ml
of Hoescht 33342 (Sigma) as previously described (Pollman et al. 1996) . From each culture, a minimum of five randomly selected images (4 mm 2 ) were captured with a Nikon Eclipse E1000 fluorescence microscope equipped with blue and red filters and CCD camera, using a ×10 objective. In each culture, dead (red) and live (blue) cells were counted with Metamorph image analysis software.
Assessment of the net content of survivin
In addition, western blotting with an anti-survivin polyclonal antibody (Sigma) was used to assess the net content of this anti-apoptotic protein in 7-day-old cultures of SHR-and WKY-derived VSMC. Cultures of MCF-7 cells derived from human breast cancer, which express high levels of survivin (Blanc-Brude et al. 2002; Chiou et al. 2003) were used as a positive control. The levels of survivin detected in the individual immunoblots were quantified by densitometry and normalized to levels of β-actin expression, which provided assurance of equal gel loading.
Statistical analysis
Results are expressed as means ± S.E.M. Statistical analysis was performed with GraphPad prism 4 software (GraphPad Software Inc., LaJolla, CA, USA) using Student's unpaired t test. A value of P < 0.05 was considered significant.
Results
Before collecting any other data, we established that 1-week-old SHR rats exhibited similar blood pressure levels (SBP = 35.7 ± 6.6 mmHg; DBP = 15.5 ± 4.2 mmHg; n = 6) to the agematched WKY rats (SBP = 38.5 ± 2.0 mmHg; DBP = 15.0 ± 1.7 mmHg; n = 6).
Cultured VSMC derived from carotid arteries of neonatal SHR rats deposited more elastin than their WKY counterparts
Immunostaining with anti-elastin antibody (Fig. 1A individual VSMC derived from SHR arteries produced more new elastin than WKY-derived cells, although the difference between the strains was less marked (Fig. 1B) .
Immunostaining with anti-collagen I and with antifibronectin antibodies indicated that cultures of VSMC derived from SHR also deposited more of these ECM components than their WKY-derived counterparts (Fig. 2) .
Figure 2. Cultures of carotid artery VSMC derived from neonatal SHR deposit more collagen I and fibronectin than WKY counterparts
A, representative images of 7-day old cultures derived from SHR and WKY rat carotid arteries that were immunostained with polyclonal anti-collagen I or with monoclonal anti-fibronectin antibody and then probed with the appropriate fluorescein-labelled secondary antibodies (green). Nuclei were counterstained with propidium iodide (red). The cultures were visualized with a Nikon Eclipse E1000 fluorescence microscope with a ×63 oil immersion objective. Scale bars represent 50 μm. B, quantification of fields occupied by the green fluorescence was performed with Image-Pro Plus software. As indicated in parentheses, 5 rats from each experimental group were used. From each rat, 3 different cultures were analysed quantitatively. In each culture, quantification was performed in a minimum of 5 fields (4 mm 2 ). Statistical analysis was performed using Student's unpaired t test.
Increased deposition of ECM in SHR-derived VSMC cultures was associated with cellular hypertrophy, heightened diploidy and decreased apoptotic rate
We have established that in first first passages almost 100% of the cultured cells derived from both SHR and WKY rats consistently displayed positive immunostaining for both vimentin (Fig. 3A) and α-actin (Fig. 3B) . This indicated that a homogeneous population of VSMC was used in our further studies.
We have, however, established that SHR-derived VSMC were larger than WKY-derived counterparts. Confocal microscopy was employed to establish whether the larger size of cultured SHR-derived cells was due to an increase in their cellular volume or reflected their unusual spreading. Results of quantitative analysis of confocal microscopy images indicated that SHR-derived VSMC had a similar cell thickness to their WKY counterparts, but occupied a larger area. Consequently, the calculated volumes of individual SHR-derived VSMCs were larger than those of WKY cells. These data indicated that arteries of neonatal (prehypertensive) SHR contain a population of hypertrophic VSMCs (Fig. 3B) .
We also found that equally plated cultures (20 000 cells per dish) of both WKY-and SHR-derived VSMC contained a comparable number of cells when tested 7 days later. Interestingly, the 7-day-old cultures of SHR-derived VSMC had a significantly greater DNA content than their WKY counterparts. Further analysis indicated that SHRderived cultures also demonstrated a significantly greater number of diploid cells (Fig. 4A) .
The calculations of cellular proliferation rates indicated that SHR-derived cultures displayed a lower number of proliferating (PCNA-positive) cells and incorporated less BrdU over a period of 24 h than WKY-derived cultures (Fig. 4B) .
Is is noteworthy that SHR-derived VSMC cultures also demonstrated a marked decrease in cell death, as shown by the lower number of PI-positive VSMC (Fig. 5A) , and a decreased apoptosis rate, as assessed by the TUNEL assay (Fig. 5B) , than the WKY-derived cultures. Importantly, cultures of VSMC derived from neonatal SHR that demonstrated a decreased apoptosis rate also displayed a heightened level of survivin, as detected by western blotting (Fig. 5C ).
Discussion
Mature, fully polymerized (insoluble) elastin produced during early childhood, which should last for an entire human lifespan, is metabolically inert and extremely resistant to proteolytic attack (Shapiro et al. 1991; RitzTimme et al. 2003) . Therefore, early fluctuations in elastic content may compromise mechanical properties of arterial walls and eventually contribute to the development of cardiovascular diseases. In fact, genetic deficiencies of elastin and microfibrillar components of elastic fibres, as well as deficiencies of several factors facilitating normal elastogenesis, have been linked to the development of hypertension (for review see Arribas et al. 2006 ). We have previously described that the conduit and resistance arteries of adult SHR, and the SHR stroke-prone related strain, contain more compact elastic lamellae in the media, a denser network of elastic fibres in the adventitia and smaller fenestrae in the internal elastic lamina than those of normotensive age-matched rats (Boumaza et al.
Figure 3. Vascular smooth muscle cells derived from neonatal SHR exhibit hypertrophy
A, representative images of 7-day-old cultures from SHR and WKY rat carotid arteries immunostained with polyclonal anti-vimentin or anti-α-actin antibody and then probed with the appropriate fluorescein-labelled secondary antibodies (green). Nuclei were counterstained with propidium iodide (red). The cultures were visualized with a Nikon Eclipse E1000 fluorescence microscope with a ×63 objective. Scale bars represent 50 μm. B, quantification of cellular thickness, area and cell volume in the VSMC cultures. Serial images of defined thickness were obtained with a Leica SP2 confocal microscope with a ×63 oil immersion objective. Image reconstruction and quantification was performed with Metamorph image analysis software. As indicated in parentheses, 5 rats from each experimental group were used. From each rat, 3 different cultures were analysed quantitatively. In each culture, quantification was performed in a minimum of 5 fields (4 mm 2 ). Statistical analysis was performed using Student's unpaired t test.
2001; Cohuet et al. 2001; Briones et al. 2003) . Although unexpected, these structural alterations cause marked reduction of resiliency and an increased physical stiffness of the elastin-containing arterial scaffold (Arribas et al. 2008) . It is important to notice that the increased and aberrant deposition of elastin in SHR vessels develops during the first month of life in both resistance (González et al. 2006 ) and conduit arteries (Arribas et al. 2008 ). Blood pressure measurements clearly indicated that 1-week-old SHR exhibit similar SPB and DBP levels to their WKY counterparts, confirming that during the first month of life, SHR are not hypertensive (González et al. 2006) . Therefore, we proposed that the observed net accumulation of vascular elastin results either from heightened initial elastogenesis and/or from a reduction in the physiological remodelling of elastic lamellae that normally occurs during the enlargement of growing To determine the percentage of diploid, PCNA-and BrDU-positive cells, the cultures were stained with the appropriate primary antibodies and species-specific secondary horseradish peroxidase-conjugated antibodies and counterstained with haematoxylin. Images were obtained with a Leica DM LB2 light microscope with a ×40 objective. The number of rats used is shown in parentheses. From each rat, 2 different cultures were used for quantitative analysis. In each culture, quantification was performed in a minimum of 10 fields (4 mm 2 ). Statistical analysis was performed using Student's unpaired t test.
arteries (Wong & Langille, 1996) , and is independent of blood pressure.
It is important to emphasize that all the results presented here were obtained from studies involving primary cultures of carotid artery-derived cells (passages 1-3). In these early passages, all the cells derived from both neonatal WKY rats and SHR were α-actin positive, indicating that they were homogeneous populations of arterial myocytes. We did not use any later passages, in which arterial myocytes may undergo numerous phenoptypic changes, including fibroblastic transformation, and exhibit different ECM production and proliferation rates (Gabbiani, 1986; Bravo et al. 2001) .
Since efficient elastin synthesis is restricted to embryonic development and the early childhood (Vrhovski & Weiss, 1998) , we compared the elastogenic potential of cultured VSMC derived from neonatal SHR and WKY rat carotid arteries. The results obtained shed new light on the mechanism responsible for early alterations of the elastic components of arterial ECM in SHR. We found that cultured VSMC isolated from carotid arteries of both strains were capable of ECM synthesis; however, VSMC derived from 1-weekold SHR produced more immunodetected collagen I, Figure 5 . Vascular smooth muscle cells derived from neonatal SHR exhibit a lower cell death rate A, representative micrographs and quantitative analysis demonstrating that 7-day-old cultures of VSMC derived from neonatal SHR exhibit fewer dead cells (marked by propidium iodide, PI, red) than WKY-derived counterparts. Live cells display the blue nuclei marked with Hoescht 33342 fluorescent dye. Cultures were visualized with a Nikon Eclipse E1000 fluorescence microscope with a ×10 objective. Scale bars represent 50 μm. The number of rats used is shown in parentheses. From each rat, 2 different cultures were used for quantitative analysis. In each culture, quantification was performed in minimum of 5 fields (4 mm 2 ). B, representative micrographs and quantitative analysis demonstrating that 7-day-old cultures of VSMC derived from neonatal SHR exhibit fewer TUNEL-positive cells (arrowheads) compared with their WKY counterparts. Cultures were stained with TUNEL and avidin-biotin peroxidase kit and counterstained with haematoxylin. Cultures were visualized with a Leica DM LB2 light microscope with a ×40 objective. Scale bars represent 50 μm. The number of rats used is shown in parentheses. From each rat, 2 different cultures were used for quantitative analysis. In each culture, quantification was performed in a minimum of 20 fields (4 mm 2 ). C, representative western blots with anti-survivin and anti-β-actin antibodies, demonstrating the contents of these two proteins in extracts of 7-day-old cultures of VSMC derived from neonatal rats. The presented western blot images and results of quantitative assessment of survivin/β-actin ratios in extracts of cultured VSMC derived from 6 neonatal rats of each strain indicate that SHR-derived VSMC contain higher levels of survivin than their WKY counterparts. Extracts of cultured breast cancer cells (MCF-7) were also probed with the same antibodies and used as a positive control. All analysed samples were loaded with equal protein content. Statistical analysis was performed using Student's unpaired t test.
fibronectin and elastin than those derived from WKY rats. Results of the quantitative assay of insoluble elastin (metabolically labelled with [ 3 H]valine) indicated that SHR-derived cells deposited more elastin per culture than their evenly plated WKY-derived counterparts. However, further normalization of the recorded values of the newly synthesized radioactive elastin (c.p.m./dish) to the total DNA content in particular cultures did not demonstrate such a marked difference between SHR-and WKYderived cultures. Further analysis revealed that SHRderived cultures contained more total DNA than WKYderived cultures and that this increase was not related to an increase in cell number, but to the diploidy of SHR-derived VSMC. These cells were also consistently larger that WKYderived myocytes. Confocal microscopy demonstrated that the larger cellular area of SHR-derived cells was not accompanied by a reduction in cellular thickness. These data indicated true hypertrophy rather that cell spreading, another VSMC phenomenon that might affect cell proliferation and migration pattern (Thakar et al. 2009 ). Both diploidy and hypertrophy have previously been described in cultures of VSMC derived from arteries of adult SHR (Lombardi et al. 1989; Owens, 1989; Bravo Somoza et al. 2004) . Importantly, our novel findings that these abnormalities are already present in cultured VSMC derived from neonatal prehypertensive SHR clearly indicate that these phenotypic changes may precede development of hypertension and not occur as a result of sustained hypertension.
Moreover, we presented compelling evidence that, in addition to their early morphological changes, the SHR VSMC are also characterized by an abnormal synthetic productivity that clearly contributes to the accumulation of ECM components that has been detected in vessels from adult hypertensive rats (Boumaza et al. 2001) and has also been observed in human essential hypertension (Schiffrin & Touyz, 2004) . We propose that these unique features reflect the primary intrinsic alteration of VSMC in the SHR strain that is likely to contribute to the peculiar remodelling of arterial walls in the neonatal period and participate in the development of the hypertensive phenotype in later life.
Our analysis of cellular turnover in primary cultures indicated that SHR-derived VSMC exhibited a lower than normal proliferation rate. Remarkably, SHR-derived cultures also displayed a significantly lower number of dead and apoptotic cells than control WKY-derived cultures. This further suggested that VSMC derived from neonatal SHR might be characterized by acquisition of a unique apoptosis-resistant synthetic phenotype.
It has been shown that location-and time-specific apoptosis is a prerequisite for developmental remodelling of fetal cartilage and bone in order to guarantee normal skeletal growth. In recent years, programmed cell death has also emerged as an important mechanism of cardiovascular remodelling (Walsh et al. 2000) . Acquisition of an apoptosis-resistant phenotype and a consequent heightened survival of ECM-producing cells has been associated with idiopathic pulmonary fibrosis (Thannickal et al. 2004; Thannickal & Horowitz, 2006) . So far, only a few studies have recorded changes in the pattern of apoptosis during hypertensive vascular remodelling; however, mechanistic links to the pathophysiology of this phenomenon have not been proposed. For example, decreased apoptosis has been found in arteries from 1-to 2-week-old SHR (Dickhout & Lee, 1999) , while no changes were found in 1-month-old animals (Rizzoni et al. 2000) , and increased apoptosis was reported in adult SHR (Sharifi & Schiffrin, 1998; Rizzoni et al. 2000) . Thus, our report suggests, for the first time, that perinatal development of an apoptosis-resistant phenotype of VSMC in SHR is involved in the early accumulation of ECM components, including the heard-wearing elastin that contributes to abnormal vascular remodelling. Afterwards, apoptosis might be triggered in the hypertensive animals as a homeostatic mechanism, counterbalancing the arterial growth (Sharifi & Schiffrin, 1998) .
Despite the fact that the present study did not address the detailed aberrations of signalling pathways, we found that the detected 50% reduction in apoptosis rate in VSMC cultures derived from neonatal SHR also coincided with their higher expression of survivin. This caspase inhibitor is normally expressed during early development, almost absent in fully developed tissues and highly elevated in cancer cells (Chiou et al. 2003) . The upregulation of survivin expression has been reported in vein graft hyperplasia related to protection from cytokine-induced VSMC apoptosis and also associated with increased VSMC viability and accumulation in the occlusive neointima after vascular injury (Blanc-Brude et al. 2002; Simosa et al. 2005) .
Since the reduction in apoptosis rate of cultured VSMC derived from neonatal SHR coincided with their high expression of survivin, we suggest that the persistent presence of this regulatory factor contributes to the higher than normal survival rate of VSMC in neonatal arteries of this strain. Interestingly, in contrast to cancerous cells (Chiou et al. 2003) , the heightened levels of survivin in SHR-derived VSMC did not result in any increase of their proliferation, but coincided with elevated diploidy. The increased rate of diploidy in VSMC from prehypertensive SHR may also be indicative of the intrinsic aberrations of the cell cycle in this rat strain. This notion seems to be endorsed by previous reports describing a similar phenomenon in cultures of VSMC derived from adult SHR, which has been linked to an accelerated entry into S phase (Mikhail et al. 1993 ) and arrest at the G2 + M phase of the cell cycle (Bravo et al. 2001) .
The reported data allow us to propose that a decrease in apoptotic rate and a parallel increase in the number of diploid cells in developing SHR arteries contribute to generation of long-lasting cells that keep producing ECM. While the levels of other ECM components, initially overproduced by those long-lasting active arterial cells, can eventually be normalized in remodelling processes, the hard-wearing elastin accumulates with time. In addition, we speculate that lack of local proteinases, including caspase-2, -3 and -7, which could be released from apoptotic VSMC and serve as elastin-degrading enzymes (Cowan et al. 2005) , may possibly contribute to the heightened net accumulation of the newly deposited elastin. In fact, results reported in this paper may explain our previously published data indicating a lack of normal developmental remodelling of elastic lamelae in SHR vessels (Arribas et al. 2008) . Figure 6 is a schematic diagram linking our novel findings with the previously observed aberrant deposition of elastin in SHR vessels.
In summary, we conclude that increased perinatal elastogenesis resulting from increased survival of VSMC in SHR actively participates in the accumulation of abnormally organized and mechanically compromised elastin frameworks in arteries during the first month of life. Our findings strongly indicate that the mechanical and structural alterations of the elastic framework in elastic arteries of SHR not only precede, but also mechanistically contribute to development of hypertension in this strain. Given the similarities in vascular pathophysiology of SHR and human essential hypertension, the presented data should encourage future investigations of pathomechanistic links between persistent survival of VSMC and accumulation of hardwearing elastin in human arteries.
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